Connexin43 is the predominant gap junction protein expressed in the heart. To determine the relation between cardiac maturation and gap junction gene expression, the developmental profiles of connexin43 mRNA and protein were examined in the rat heart. Connexin43 mRNA levels accumulate progressively (eightfold) during embryonic and early neonatal stages, accompanied by a parallel, but temporally delayed, accumulation of connexin43 protein (15-fold). As the heart matures further, both mRNA and protein levels subsequently decline, to about 50% and 30% of their maximum levels, respectively. These observations suggest that increases in intercellular coupling that characterize cardiac development do not depend solely on modulation of connexin43 gene expression, but rather are likely to involve organization of gap junction channels into the intercalated disc. (Circulation Research 1991;68:782-787) G ap junctions are specialized regions of adjoining cell membranes composed of numerous intercellular low-resistance channels. Each channel comprises 12 identical connexin monomers, assembled into two hexameric connexins that couple adjacent cells. The connexins are encoded by a family of related genes, which demonstrate both tissue specificity and developmental regulation.' In the heart, where connexin43 predominates, passive ionic flux through these junctional channels results in the cellto-cell propagation of the action potential. Together with ion-specific channels, which generate the action potential, gap junction channels provide a critical component of the cardiac conduction system. As such, they serve to synchronize myocardial depolarization and facilitate efficient mechanical contraction. In addition to their electrotonic function, a growing body of evidence suggests that gap junction channels play an important role during embryogenesis and development.2 By facilitating the diffusion of small molecules
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Connexin43 is the predominant gap junction protein expressed in the heart. To determine the relation between cardiac maturation and gap junction gene expression, the developmental profiles of connexin43 mRNA and protein were examined in the rat heart. Connexin43 mRNA levels accumulate progressively (eightfold) during embryonic and early neonatal stages, accompanied by a parallel, but temporally delayed, accumulation of connexin43 protein (15-fold) . As the heart matures further, both mRNA and protein levels subsequently decline, to about 50% and 30% of their maximum levels, respectively. These observations suggest that increases in intercellular coupling that characterize cardiac development do not depend solely on modulation of connexin43 gene expression, but rather are likely to involve organization of gap junction channels into the intercalated disc. (Circulation Research 1991;68:782-787) G ap junctions are specialized regions of adjoining cell membranes composed of numerous intercellular low-resistance channels. Each channel comprises 12 identical connexin monomers, assembled into two hexameric connexins that couple adjacent cells. The connexins are encoded by a family of related genes, which demonstrate both tissue specificity and developmental regulation.' In the heart, where connexin43 predominates, passive ionic flux through these junctional channels results in the cellto-cell propagation of the action potential. Together with ion-specific channels, which generate the action potential, gap junction channels provide a critical component of the cardiac conduction system. As such, they serve to synchronize myocardial depolarization and facilitate efficient mechanical contraction. In addition to their electrotonic function, a growing body of evidence suggests that gap junction channels play an important role during embryogenesis and development.2 By facilitating the diffusion of small molecules and ions, gap junction channels provide a regulated pathway for intercellular signaling. Electron microscopic analyses have described the appearance of gap junctions in developing avian and mammalian hearts.3-7 This approach has allowed investigators to estimate gap junction number and surface area, but the determinations have relied to some extent on assumptions of myocardial cell geometry. These studies have demonstrated that gap junctions appear as early as 10 days postconception in the mouse heart3 and 14 days postconception in the rat heart.8 Furthermore, a significant increase in the ratio of gap junctional membrane area to myocardial cell volume has been seen during early cardiac development, followed by a decline with increasing maturity.4,6
Molecular biological approaches now are being used to examine the developmental regulation of connexin gene expression. In an immunohistochemical analysis of connexin expression in rat brain, antibodies directed against three different connexin isoforms demonstrated a diverse pattern of expression that appears to be cell-type and stage specific.9
In Xenopus, where three distinct connexin cDNA clones also have been isolated, RNA hybridization studies have revealed a complex pattern of developmental regulation and tissue-specific expression of these genes.'0-12 An early embryonic form, con-nexin38 (a2), is expressed primarily in oocytes and then declines in abundance with development. A second form, connexin30 (P3), which is similar to rat connexin32, becomes detectable during gastrulation and assumes a tissue-specific distribution in the adult, localizing to several organs, including lung, liver, intestine, stomach, and kidney. A third isoform, connexin43 (a1), disappears during oocyte maturation then reappears at about stage 35.
We have been interested in further characterizing the role of gap junctions in cardiac development and electrophysiology, particularly in the human heart. Our previous studies included measurements of human gap junction mRNA expression, as well as functional studies of endogenously and exogenously expressed human gap junction channels. 13 In this study, to provide a more detailed analysis of con-nexin43 expression in the developing heart, we have used the rat, where staged samples are more readily obtained. We found that connexin43 mRNA levels accumulate progressively during embryonic and early neonatal stages, accompanied by a parallel, but temporally delayed, accumulation of con-nexin43 protein. As the heart matures further, both mRNA and protein levels subsequently decline. These observations suggest that the absolute quantity of gap junctional protein present in the cardiocyte is insufficient to explain the increase in cellular coupling that accompanies cardiac development. Rather, the restriction of connexin43 to the intercalated discs must enhance conduction, particularly in the longitidinal direction.
Materials and Methods

Tissue Sources
Embryonic hearts were obtained from the fetuses of timed pregnant Sprague-Dawley rats (Charles River Laboratories, Inc., Wilmington, Mass.) on gestational days 17, 19, and 21. Postnatal hearts were isolated from female Sprague-Dawley rats on days 3, 5, 9, 14, 21, 30, and 45 postdelivery. Samples were immediately placed into liquid nitrogen until processed for RNA or protein determinations.
Northern Blots
Total cellular RNA was isolated by the acidguanidinium phenol-chloroform extraction technique.14 Samples (10 gg) were electrophoresed on 0.7% agarose-formaldehyde gels and capillary blotted onto nylon membranes (Nytran, Schleicher & Schuell, Inc., Keene, N.H.). RNA was cross-linked by exposure to UV irradiation (Stratalinker, Stratagene, Inc., La Jolla, Calif.). Membranes were prehybridized in 5 x SSC, 50 mM sodium phosphate, pH 7.4, lx Denhardt's solution, 2% sodium dodecyl sulfate (SDS) with 100 ,ug/ml denatured salmon sperm DNA, then hybridized in the same solution with the addition of 1 x 106 cpm/ml radiolabeled oligonucleotide probe. Membranes were washed with 2x SSC, 2% SDS for 30 minutes at room temperature, followed by at least a 5-minute high-stringency wash at the hybridization temperature before exposure to XAR-5 film (Eastman Kodak Co., Rochester, N.Y.) at -80°C using an intensifying screen. The con-nexin43 probe corresponded to the complement of nucleotides 1,280-1,300 of the human connexin43 cDNA, a region that is identical for both the human and rat cDNA sequences.'315 An a-cardiac myosin heavy chain (MHC) probe corresponded to the complement of nucleotides 107-130 of the rat cDNA sequence. 16 Oligonucleotides were synthesized in the Albert Einstein College of Medicine Shared DNA Synthesis Facility using a DNA synthesizer (Applied Biosystems, Inc., Foster City, Calif.) and were labeled with [y-_3P]ATP and polynucleotide kinase according to the manufacturer's directions (Pharmacia LKB Biotechnology, Inc., Piscataway, N.J.).
Quantitative Slot Blot Analysis
Samples containing approximately 10 ,jg total RNA, based on absorbance at 260 nm (prepared from four to eight pooled hearts, depending on developmental stage), were dissolved in a solution containing 14% formaldehyde and 7.5 x SSC, heated to 65°C for 10 minutes and applied to a nylon membrane (Nytran, Schleicher & Schuell) using a Slot-Blot II Manifold apparatus (Schleicher & Schuell) according to the manufacturer's directions. Membranes were hybridized exactly as described above with the connexin43 and a-MHC oligonucleotide probes. Finally, to normalize for the actual amount of mRNA applied to each slot, membranes were rehybridized with radiolabeled oligo-d(T)20.17 Signals were erased between successive hybridizations by boiling membranes in water for 5 minutes and then exposing them overnight to ensure removal of probes.
To quantify the abundance of total and specific mRNA transcripts, autoradiographic signals from specific bands on Northern blots and on slot blots were scanned with a Pharmacia LKB laser densitometer. Autoradiogram signals were obtained at several different exposures to ensure linearity during densitometry.
The relation between developmental stage and connexin43 abundance from three independent experiments was compared by analysis of variance. The mean square error within groups then was used in a Newman-Keuls multiple comparison test to evaluate differences between groups.18
Westem Blot Analysis
Total hearts (pooled from four to eight animals, depending on age) were sonicated in 100 gul H20, and protein concentration was determined using a commercial assay kit (Bio-Rad Laboratories, Richmond, Calif. analysis, total cardiac samples were obtained from sequential developmental stages, solubilized in Laemmli sample buffer, and 80 gg total protein from each stage was electrophoresed in duplicate on 10% polyacrylamide gels.
In panel B, the gel was stained with Coomassie blue, whereas in panel C, an immunoblot was prepared from an identical gel using antisera prepared against a synthetic polypeptide from the carboxy terminus of connexin43.
were quantified by scanning laser densitometry as described above.
Results
Connexin43 mRNA Expression
To quantitate connexin43 mRNA levels during development, Northern blot and quantitative slot blot analyses were carried out. The specificity of the connexin43 oligonucleotide probe has been demonstrated previously.'3 Our initial Northern blot analyses repeatedly demonstrated a progressive accumulation of connexin43 mRNA from the earliest time point measured (embryonic day 17) through the first postnatal week, followed by a gradual decline during the next 5 weeks. Furthermore, analysis of numerous individual hearts from the later stages, by which time sufficient RNA could be extracted from single animals, demonstrated little sample-to-sample variation in expression, typically with standard errors of less than 15%.
In Figure 1 , a representative example of the developmental profiles of connexin43 (CGJ) and a-MHC (MHC) mRNAs is shown. The patterns of expression of the two genes are clearly different. The transcript encoding connexin43 is most abundant at about postnatal week 1, after which it declines toward levels seen during embryonic stages (panel A, top). In contrast, the a-MHC transcript shows a pattern of progressive accumulation during cardiac maturation, reaching its maximum expression considerably later in development than the connexin43 transcript (panel A, middle). This result is in agreement with the well-characterized pattern of progressive accumulation typical for this "adult MHC isoform21 and validates the developmental profile of the samples. Finally, variations in sample loading of mRNA were visualized by hybridization with the oligo-d(T)20
probe, as shown in the bottom portion of panel A (d[T]).
Scanning laser densitometry was used to quantify the patterns of expression of connexin43 and a-MHC mRNAs, as shown in Figure 2A . Values have been normalized for total mRNA content (as determined by the oligo d[T] hybridization) and are presented relative to the maximum expression arbitrarily assigned values of 100%. Connexin43 transcript abundance increases about eightfold from the earliest measurement at embryonic day 17 to its maximum level at postnatal day 9. Thereafter, the mRNA declines to approximately 50% of its peak value and remains at this level through at least postnatal day 45.
Differences in expression of connexin43 mRNA were statistically significant. Connexin43 mRNA abundance during the early stages (embryonic day 17 through neonatal day 3) was significantly lower (p<0.05) than that found at peak expression (postnatal days 5 and 9). Furthermore, the subsequent decline in mRNA levels (postnatal days 14 through 45) also was significant (p<0.05) compared with peak expression. No statistically significant difference in expression was found from postnatal day 14 onward.
Connexin43 Protein Expression
We next asked whether this pattern of connexin43 mRNA expression is accompanied by temporally correlated changes at the protein level. Figure lB shows a Coomassie-stained gel of homogenates prepared from progressive developmental cardiac samples. A companion immunoblot of an identical gel is shown in Figure 1C . The Results are normalized for mRNVA content and presented relative to the maximum expression assigned a value of 100%.
protein22,23 (also, E.L. Hertzberg et al, unpublished data, 1990), whereas the band at approximately 90 kDa reflects aggregation of connexin43 into dimers. Quantitative laser densitometry was performed and is displayed in Figure 2B . Like connexin43 mRNA, the protein shows a similar, but temporally displaced, pattern of expression. Connexin43 protein content begins to rise immediately after birth, increasing 15-fold by postnatal day 21. The protein then falls gradually to about one third of its maximum value by postnatal day 45.
Discussion
Data presented here demonstrate the developmental patterns of expression of connexin43 mRNA and protein found during maturation of a mammalian heart. The connexin43 transcript accumulates markedly during the early developmental period, rising about eightfold by postnatal day 9. Thereafter, it declines by about half, and the level of connexin43 mRNA remains constant until at least the seventh postnatal week. Connexin43 protein follows a similar but temporally delayed developmental profile, rising steadily to postnatal day 21 and then declining with progressive maturation. The relation between con-nexin43 mRNA and protein levels suggests that transcriptional regulation is likely to be the major determinant of connexin43 abundance. Such a conclusion, however, can be definitively reached only after direct analysis of rates of transcription, such as nuclear run-on assays and analysis of protein halflives. The 11-day delay observed between maximal levels of connexin43 mRNA and protein would imply that the half-life of connexin43 is significantly longer than estimates for connexin32, which have been on the order of several hours.24 Our observation is consistent with those of Severs et al,25 whose ultrastructural analysis of dissociated myocytes in culture also suggested that the half-life of the cardiac gap junction protein may be significantly longer than that of connexin32. Interestingly, a study of gap junction expression during pregnancy in rat found enhancement of connexin43 immunohistochemical staining in the ovary and uterus only 1 day after elevations in mRNA levels. 26 Whether this reflects organization of preformed protein into immunoreactive structures or an actual increase in connexin43 abundance is uncertain. In view of our data,, the latter possibility would imply that tissue-specific differences in transcriptional regulation or protein turnover exist.
The ontogenic pattern of connexin43 expression that we see here is in good agreement with data obtained from electron microscopic studies. The low level of expression of connexin43 in the embryonic samples is consistent with the observed paucity of gap junctional membrane area found during the earliest developmental stages.7 Although the lack of junctional membrane area could represent the failure of intercellular channels to organize into recognizable gap junction structures, our study suggests that these early developmental samples do in fact contain significantly less connexin43. Despite this conclusion, however, intercellular coupling in the embryonic rat heart is sufficient for the entire ventricular myocardium to contract synchronously by about 10 days postconception.27 Using Lucifer Yellow as a marker of cellular coupling, we have, in fact, observed the rapid and widespread transfer of dye from cell to cell in tissue slices obtained from hearts as early as 15 days postconception (data not shown). As development proceeds, connexin43 content rises progressively for about 3 weeks and then declines. Shibata et al, 7 StUdying rabbit left ventricular tissue, found that gap junctional area per cell volume rose progressively until around neonatal day 30, after which it declined. Similarly, Stewart In light of these previous determinations of gap junctional surface area during mammalian cardiac development, our results suggest that connexin43 alone is sufficient to account for most, if not all, of the junctional protein present throughout early cardiac development. Using a full-length connexin32 cRNA probe at high stringency (plasmid kindly provided by D. Paul, Harvard Medical School, Boston), as well as antisera directed against connexin32, we have failed to detect evidence of expression of this isoform during any of these earlier developmental stages (negative data not shown). The use of in situ hybridization and immunocytochemical techniques will be invaluable in determining the earliest expression of connexin43 during cardiac morphogenesis.
Electrophysiological studies have demonstrated that junctional conductance between cell pairs derived from neonatal rat heart is markedly lower than that from adult cardiocytes.28,29 Undoubtedly, various factors account for this observation, including the morbidity and extent of generation of single cells by the various dissociation techniques, as well as geometric factors, including whether the cell pairs are end-to-end, side-to-side, or newly paired.23 Thus, analysis of dissociated cells provides only an estimate of in vivo coupling, which, if technically feasible, ideally would be carried out in intact tissues. The similar level of connexin43 found in early postnatal and adult rat hearts suggests that the relative abundance of this gap junction protein is insufficient to account for this difference in intercellular coupling.
Rather, it seems likely that geometric factors may be of greater importance beginning at the late postpartum period, a time at which junctional channels may organize and localize into recognizable intercalated discs.
The role of gap junctions in development is the subject of considerable investigation. Several lines of evidence suggest that these intercellular channels are essential for some facets of normal embryogenesis.
Studies in Xenopus, for example, demonstrate that the selective disruption of junctional communication at the eight-cell stage leads to characteristic neural defects. 30 On the other hand, vegetal cell induction of animal pole muscle gene expression, as assessed by the accumulation of specific cardiac actin mRNA, does not appear to require functional gap junctions, simply highlighting the complex role of these channels during development.31 Whether junctional channels in the developing mammalian heart serve primarily an electrotonic function or also are essential for differentiation into functional myocardium remains unanswered. Experimental approaches that address these questions, such as negative dominant mutations and transgenic techniques, now are feasible and should provide insight into the regulation of cardiac morphogenesis and electrophysiology. Note added in proof A similar study in mice has recently appeared. 32 
